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ABSTRACT

Differential Transcriptome Analysis Reveals that Cache Valley PM2.5 Triggers the
Unfolded Protein Response in Human Lung Cells
by
Morgan Eggleston, Master of Science
Utah State University, 2022

Major Professor: Dr. Roger A. Coulombe Jr.
Department: Animal Dairy and Veterinary Science
Fine ambient particulate matter (PM2.5) poses a serious public health risk and is
associated with increases in all-cause mortality, cardiopulmonary and cardiovascular
disease, stroke, diabetes, cancer, and Alzheimer’s disease. The normally picturesque
Cache Valley of Northern Utah frequently experiences some of the highest PM2.5
concentrations in the United States. However, the exact mechanism(s) of Cache Valley’s
PM2.5 (CVPM) toxicity have yet to be fully characterized. We recently demonstrated that
CVPM exposure is associated with the inflammatory response, endoplasmic reticulum
(ER) stress, and the unfolded protein response (UPR), a highly conserved stress-response
mechanism. The purpose of this study was to use whole transcriptome sequencing and
network analysis to confirm the involvement of these mechanisms in cultured human
lung (BEAS-2B) cells exposed to CVPM (1 and 12 g/mL; 24 hr). All experiments were
conducted in parallel with diesel exhaust particles (DEP) as a positive control. RNA
sequencing with Ensemble Gene Set Enrichment Analysis (EGSEA) confirmed CVPM
exposure significantly upregulated the UPR pathway (FDR adjusted p=0.05), specifically
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altering the expression of PERK, IRE1, ATF-6, ATF-4, and CHOP genes. Significantly
affected UPR-associated pathways included apoptosis, reactive oxygen species (ROS),
and the inflammatory response. Flow cytometry revealed that CVPM exposure resulted in
significant UPR-related cellular responses including reductions in mitochondrial
membrane potential and alterations in intracellular Ca2+ homeostasis, as evidenced by a
significant influx of Ca2+ in the cytosol and mitochondria, likely from the endoplasmic
reticulum (ER). CVPM-associated late-stage apoptosis, increased ROS, and cytotoxicity
were also observed. In most experiments, 1g/mL DEP elicited similar results to
12g/mL CVPM, suggesting that CVPM is less potent than DEP. Taken together, these
results support our hypothesis that a principal toxic mechanism of CVPM pollution
involves ER stress and the UPR. Identification of the UPR as an operative mechanism of
PM2.5 toxicity represents a significant enhancement of our understanding of air pollutant
toxicology because activation of the UPR resulting from ER stress has been associated
with the pathophysiology of many PM-related diseases, such as asthma, cardiovascular
disease, neurodegenerative disease, and ischemic stroke.
(80 pages)
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PUBLIC ABSTRACT
Differential Transcriptome Analysis Reveals that Cache Valley PM2.5 Triggers the
Unfolded Protein Response in Human Lung Cells
Morgan Eggleston

Worldwide, exposure to air pollution is a serious human health threat. Particulate
matter (PM) air pollution is a mixture of suspended solid and/or liquid particles and
particle size is determined by its aerodynamic diameter. Fine, or “respirable” particles,
typically from vehicle emissions, manufacturing, power generation, agriculture, as well
as secondary photochemical reactions, are classified as ≤2.5µm in diameter (PM2.5).
Upon inhalation, PM2.5 particles can reach the lower, more sensitive regions of the lung,
enter the bloodstream, and be distributed to other areas in the body. Large-scale
epidemiology studies have shown that PM2.5 air pollution is associated with increases in
all-cause mortality, cardiopulmonary and cardiovascular disease, stroke, cancer, and
Alzheimer’s disease. The normally picturesque Cache Valley of Northern Utah
frequently experiences some of the highest PM2.5 concentrations in the United States
during inversion events in the winter months. Elevated wintertime PM2.5 concentrations
in Cache Valley are primarily due to a combination of human activity and environmental
factors. However, the exact mechanism(s) of Cache Valley PM2.5 (CVPM) toxicity, or
how CVPM may affect the health of Cache Valley residents, are not fully understood.
Previous studies from our laboratory showed that CVPM exposure in cultured human
lung cells is associated with the inflammatory response, endoplasmic reticulum (ER)
stress, and the unfolded protein response (UPR), a well-known stress-response system in
cells. The purpose of this study was to confirm our previous findings since our method
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for collecting local CVPM was updated to a more effective particle collection system. In
the present study, next-generation RNA sequencing revealed that human lung cells
exposed to CVPM had gene expression changes related to activation of the UPR.
Disruptions in normal cell conditions, or homeostasis, were also observed. Identification
of the UPR as an operative mechanism of PM2.5 toxicity will represent an important
breakthrough in our understanding of pollutant toxicology because activation of the UPR
has been linked to many serious diseases, such as diabetes, retinal degeneration,
metabolic disease, and even cancer. My research is also significant because it will enable
more accurate risk estimates of CVPM exposure and may help guide positive changes in
government regulations to improve air quality.
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1.0. BACKGROUND AND INTRODUCTION

1.1.

Particulate Matter Air Pollution
Ambient air pollution is a major contributor to human death and disease globally. The

World Health Organization (WHO) estimates that 90% of the world’s population are
exposed to dangerous concentrations of air pollution, resulting in 7 million deaths
annually (WHO 2016). Of the premature mortalities attributed to air pollution, 58% were
due to ischemic heart disease and strokes and 18% to chronic obstructive pulmonary
disease (COPD) and lower respiratory infections. Ambient air pollution is classified as a
group 1 carcinogen by the International Agency for Research on Cancer (IARC) and an
estimated 6% of all deaths from outdoor air pollution exposure are due to lung cancer
(IARC 2013; WHO 2016).
Worldwide, particulate matter (PM) air pollution is a mixture of suspended solid
and/or liquid particles (Dockery & Pope 1994; Pope 2000; Brunekreef & Holgate 2002;
Pope & Dockery 2006), particle size of which is determined by its aerodynamic diameter.
The aerodynamic properties of PM are important because they determine how the
particles are transported in the air and human respiratory system, as well as particle
source and chemical composition (WHO 2016). Coarse, or large particles, are often
formed from uncontrolled combustion, dust, and biological particles, such as pollen and
spores, and generally range in size from 2.5-30µm (Schwela 2000; Pope & Dockery
2006). “Thoracic” particles, or PM10, are classified as particles ≤10µm in diameter and
can penetrate the upper respiratory system (Dockery & Pope 1994). Fine, or “respirable”
particles, are often acid condensates or photochemical secondary particles derived from
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vehicle emissions, manufacturing, power generation, and agriculture and are classified as
≤2.5µm in diameter (PM2.5; Dockery & Pope 1994; Pope 2000; Brunekreef & Holgate
2002). Upon inhalation, PM2.5 particles can reach the alveolar regions of the lung,
potentially enter the bloodstream, and be distributed to other regions in the body
(Dockery & Pope 1994).

1.2.

Brief History of PM Epidemiology Studies
The link between mortality and PM exposure was generally accepted in the scientific

community during the 1970s, which led to the introduction of the U.S. Environmental
Protection Agency’s (EPA) National Ambient Air Quality Standards (NAAQS) for
primary and secondary total suspended particles (TSP) in 1971. However, incomplete
data and computational limitations made it difficult for researchers to attribute
associations between lower PM concentrations and adverse effects on human health.
Most notably were several time-series cross-sectional investigations that found
associations between mortality rates and particulate air pollution in U.S. metropolitan
areas (Schwartz & Marcus 1990; Fairley 1990; Schwartz 1991; Pope et al., 1992;
Schwartz & Dockery 1992). The purpose of these studies was not only to evaluate the
health effects and mortality of air pollution during high pollution episodes, but to also
evaluate changes in daily mortality rates corresponding with daily changes in air
pollution at “normal” concentrations. It was estimated that increases in daily mortality
were associated with 0.5-1.5% per 10µg/m3 increase in PM10 concentrations or 5-6µg/m3
in PM2.5 concentrations (Pope 2000). However, these studies received criticism due to
lack of directly controlling for cigarette smoking or other covariates.
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The landmark Harvard Six Cities Study (Dockery et al., 1993) found that mortality
was strongly associated with PM2.5 exposure after directly controlling for risk factors
such as age, sex, body-mass index, cigarette smoking, education level, and occupational
exposure, reporting a mortality-rate ratio of 1.26 (95% confidence interval (CI)). In
epidemiology studies, a mortality-rate ratio is defined as the number of observed deaths
in the study group compared to the number of expected deaths in the general population.
In agreement with the earlier time-series studies, the Harvard Six Cities Study also found
that PM2.5 was most strongly associated to death from cardiopulmonary disease
(mortality-rate ratio of 1.37; 95% CI). A second prospective landmark study (Pope et al.,
1995) evaluated ambient air pollution data from 151 U.S. metropolitan areas and affirmed
a strong association between cardiopulmonary mortality and PM2.5 exposure after
accounting for individual risk factors, reporting a relative risk ratio of 1.31 (95% CI). A
relative risk ratio is often used in epidemiology studies and compares the risk of disease
among the exposed group compared to unexposed group.
In addition to cardiopulmonary disease, long-term PM2.5 exposure has also been
associated with all-cause and lung cancer mortality. Another study (Pope et al., 2002)
more precisely defined risk by showing that each incremental rise of 10µg/m3 in PM2.5
was associated with a 4%, 6%, and 8% increased risk of all-cause, cardiopulmonary, and
lung cancer mortality, respectively. Similarly, a Utah-based study (Archer 1990) reported
that an estimated 30-40% of respiratory cancer and respiratory disease deaths in the
community were associated with PM2.5 pollution emitted by a local coal-fired steel mill.
Furthermore, after controlling for maternal risk factors, PM10 exposure was found to be
associated with post-neonatal infant all-cause, respiratory, and sudden infant death
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syndrome (SIDS) mortality, reporting odds ratios of 1.10, 1.40, and 1.26, respectively
(95% CI; Woodruff et al., 1997). An odds ratio is another measure of association used in
epidemiology studies and quantifies the relationship between an exposure with two
categories and health outcome.
Due to the growing body of evidence demonstrating a link between PM2.5 pollution
and human mortality, and a lawsuit by the American Lung Association, the EPA revised
the NAAQS to amend the 1987 ruling on PM10 (150µg/m3 per 24 hr and 50µg/m3 annual
for both primary and secondary PM10) to include new regulatory limits on PM2.5 pollution
(EPA 2021; Pope & Dockery 2006). In 1997, the NAAQS first implemented the ruling of
65µg/m3 and 15µg/m3 for 24 hr and annual exposure, respectively, of primary and
secondary PM2.5. Additional data resulted in a further adjustment of the NAAQS in 2006
to 35µg/m3 per 24 hr and 15µg/m3 annually (EPA 2021).
Although many other countries have implemented regulatory guidelines and
monitoring processes for PM2.5 air pollution, adverse health effects associated with PM2.5
exposure continues to be a significant problem worldwide. In addition to all-cause
mortality and cardiovascular-related disease and mortality, there is a concerning
emerging body of evidence suggesting that PM2.5 exposure is also associated with
neurodegenerative disease, cognitive impairment, diabetes, pneumonia, and multiple
forms of cancer (Peters et al., 2006; Calderon-Garciduenas et al., 2016). In a cohort study
of individuals >65 years old, a 138% increased risk of Alzheimer’s disease (AD) for
every 4.34µg/m3 increase in PM2.5 over the course of the 10-year follow-up period was
found, suggesting a strong association between long-term exposure to PM2.5 and AD
development (Jung et al., 2015). Long-term PM2.5 exposure was also found to be
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associated with diabetes incidence after accounting for individual risk factors using the
Cox proportional hazards models, reporting a hazard ratio of 1.11 (95% CI; Chen et al.,
2013). In epidemiology studies, a hazard ratio is similar to a risk ratio but also considers
the timing of the disease events associated with exposure in addition to the total number
of events. PM2.5 is also associated with bladder cancer mortality (hazard ratio of 1.13 and
1.48; 95% CI; Turner et al., 2017; Coleman et al., 2020) and breast cancer incidence
(hazard ratio of 1.05; 95% CI; White et al., 2019). Additionally, a recent cohort study
(Bowe et al., 2019) of 4.5 million U.S. veterans found the burden of death associated with
PM2.5 exposure was higher in predominately black and socioeconomically disadvantaged
communities, with the leading causes of death being cardiovascular disease,
cerebrovascular disease, chronic kidney disease, COPD, dementia, type II diabetes, lung
cancer, and pneumonia.

Cache Valley Particulate Matter Air Pollution – “Cows and Cars”

1.3.

The normally picturesque Cache Valley of Northern Utah is a relatively narrow valley
surrounded by steep mountain ranges (Mukerjee et al., 2019). Logan is the largest city in
Cache Valley and is approximately 61km long by 50km wide with an estimated 51,542
residents, while Cache Valley as a whole has an estimated 128,289 residents (U.S.
Census 2019) with 99,936 registered vehicles (Utah State Tax Commission 2020). Cache
Valley is also home to agricultural activities, with an estimated 57,695 cattle and calves,
2,912 horses and ponies, 2,685 sheep and lambs (U.S. Agriculture Census 2017), and
707,600 total mink pelts produced (USDA 2019). Chicken and pigs are also included in
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the valley’s agriculture activities, but commercial statistics were not reported in the U.S.
Agriculture Census due to the low number of commercial producers.
Wintertime near-surface temperature inversions, associated with multiday stagnation
events, are a common phenomenon due to the combination of snow cover, cold surface
temperatures, low wind speeds, low solar radiation, and regional high pressure
(Baasandorj et al., 2018; Malek et al., 2006; Silva et al., 2007; Wang et al. 2012).
Consequently, air pollutants formed near the surface become trapped in the inversions
and accumulate over time as the stagnant air persists, often reaching concentrations that
easily exceed the current 24 hr NAAQS standard of 35µg/m3 (Malek et al., 2006; Wang
et al., 2015; Martin 2006). Cache Valley has had documented PM2.5 concentrations that
have exceeded those in Salt Lake Valley, a much larger and more populated area (Gillies
et al. 2010). In January 2004, Cache Valley received national attention for achieving the
nation’s worst air pollution, with PM2.5 concentrations reaching 132.5µg/m3 and reports
stating, “Logan air is the dirtiest in the USA”, and “Logan air found worst to breathe in
the USA” (Malek et al., 2006; The Salt Lake Tribune, 2004).
Elevated wintertime PM2.5 concentrations in Cache Valley are primarily due to a
combination of human activity and environmental factors. Abundant precursor material is
predominately generated from vehicle emissions and agricultural practices, while
contributing environmental factors include topography and optimal atmospheric
photochemical conditions (Mangelson et al., 1997; Silva et al., 2004; Martin 2006; Silva
et al., 2007; Baasandorj et al., 2018). Cache Valley’s PM2.5 (CVPM) is formed as a
secondary pollutant, with the major fractions including ammonium nitrate (NH4NO3),
organic carbon (OC), and ammonium chloride (NH4Cl). Similar to the San Joaquin
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Valley of California, NH4NO3 constitutes largest fraction of CVPM, which is formed by
reversible acid-base reactions between gas-phase ammonia (NH3) and nitric acid (HNO3)
precursor compounds primarily produced by activities such as animal agricultural,
automobile exhaust, and wood stove combustion (Martin & Koford 2004; Malek et al.,
2006; Baasandorj et al., 2018). Ammonia gas can be directly emitted from animal excreta
or converted via volatilization from urea. Combustion sources, such as vehicles, power
generation and industrial activity, emit nitric oxide (NO) and volatile organic carbons
(VOCs) which can be oxidized by ozone (O3) to nitrogen dioxide (NO2) and then
converted by O3 or hydroxyl radicals (OH·) to HNO3 in the atmosphere. Gas-phase NH3
and HNO3 are able to undergo an acid-base reaction producing NH4NO3 salt which itself
is toxicologically inert but acts as a nucleus onto which toxic atmospheric pollutants
attach (Mangelson et al., 1997; Watterson et al., 2007). The formation of NH4NO3 is a
reversible reaction that is exacerbated at low winter temperatures and builds-up during
inversion events (Figure 5.1).
Emissions from vehicle sources become more prominent during the winter due to
inefficient cold-starts and extended engine idling, which enhances incomplete fuel
combustion and emission of NO into the air (Martin 2006; Malek et al., 2006).
Ammonium nitrate generally comprises approximately 40% of CVPM particle mass but
can reach 80-85% of the total mass concentration during inversion conditions (Martin
2006; Silva et al., 2007). The elevated PM2.5 concentrations have been found to be
homogenous throughout Cache Valley, and not limited to Logan and the adjacent urban
areas (Martin & Koford 2004), suggesting that potential adverse health effects associated
with CVPM exposure is a concern for all Cache Valley residents. Furthermore, current
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estimates of future regional climate in the American West suggest that there is likely to
be an increase in stagnation events, leading to a degradation of air quality in the valleys
affected by inversions (Leung & Gustafson 2005; Wang et al., 2015).
Historically, Cache Valley maintained attainment status under the original 1997 24 hr
NAAQS of 65µg/m3 from 2000-2006. However, following the update of the 24 hr
standard to 35µg/m3 in 2006, the two-state area was first designated as nonattainment in
2009 based on 3-year average data. Under the EPA’s guidelines to achieve attainment
status, Cache County officials, the Division of Air Quality (DAQ), and the Bear River
Health Department developed a plan and secured funding to reduce human-controlled
emissions from vehicle, wood-burning, and local industrial sources. The area remained
designated moderate nonattainment during 2008-2013, but the EPA recently modified the
status of the area for the first time in 2018 to be in attainment based on monitoring data
from 2015-2017.

1.4.

Mechanisms of CVPM Toxicity
While it is well-documented human exposure to PM2.5 from other locales is linked to

several human diseases, the exact mechanism(s) of CVPM toxicity have yet to be fully
characterized. However, preliminary and published data from our laboratory has
prompted our hypothesis that CVPM activates the inflammatory response via actions of
protein kinase β (Akt), a serine/threonine-specific protein kinase involved in cell survival
processes and cancer cell growth, the pro-inflammatory transcription factor nuclear
factor-kappa β (NF-kβ; Watterson et al., 2007; Watterson et al., 2012), and endoplasmic
reticulum (ER) stress leading to activation of the unfolded protein response (UPR;
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Watterson et al., 2009). Furthermore, our results correlate with mechanisms identified in
similar studies using PM collected from other locales as well (Laing et al., 2010; Mendez
et al., 2013; Liu et al., 2015; Velali et al., 2016; Zhou et al., 2017).

1.5.

Endoplasmic Reticulum Stress
In eukaryotic cells, the ER is a membrane bound cellular organelle that is the first

compartment in the secretory pathway (Hetz 2012; Chaudhari et al., 2014). The ER is
characterized by a continuous extensive network of tubules, vesicles, and cisternae with
several important domains, including the nuclear envelope domain, the rough
endoplasmic reticulum domain (RER), smooth endoplasmic reticulum domain (SER),
and contact regions with neighboring organelles, such as the plasma membrane, Golgi,
vacuoles, mitochondria, peroxisomes, late endosomes, and lysosomes (Chaudhari et al.,
2014).
Primary functions of the ER include N-linked glycosylation, synthesis and storage of
sterols and lipids, Ca2+ storage, and the facilitation of proper protein folding, storage, and
transport to their designated target sites in the cell (Schroder & Kaufman 2005; Hetz
2012; Bettigole & Glimcher 2015). Only correctly folded proteins can be transported to
the Golgi complex for downstream modifications and packaging while incorrectly or
incompletely folded proteins are retained in the ER lumen until completion of the protein
folding process. If a protein cannot be properly folded then it is targeted for the
endoplasmic-reticulum-associated protein degradation (ERAD) pathway, ultimately
leading to retrotranslocation of the protein to the cytosol followed by proteasomal
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disassembly (Schroder & Kaufman 2005; Walter & Ron 2011; Chaudhari et al., 2014;
Senft & Ronai 2015).
A number of external or internal cellular perturbations resulting from exposure to
environmental pollutants, such as activation of the inflammatory response, Ca2+
imbalances, oxidative stress, nutrient deprivation, and viral infection, can cause ER stress
and a disruption of ER homeostasis, leading to the accumulation of unfolded or misfolded
proteins in the ER lumen (Schroder & Kaufman 2005; Hetz 2012; Chaudhari et al., 2014;
Bettigole & Glimcher 2015). Protein folding is an energy-intensive process that is
interrupted in cells stressed in certain disease states or after exposure to environmental
pollutants (Read & Schroder 2021). Initial adaptive mechanisms employed by the cell to
restore normal physiology include enhancement of the protein folding capacity of the ER
through upregulation of foldases, molecular chaperones and proteins involved in the
ERAD clearance pathway, new protein synthesis downregulation, and increasing the
overall size of the ER (Read & Schroder 2021). Additionally, in response to prolonged
ER stress, the highly conserved UPR is initiated in the cell, which is primarily mediated
by three transmembrane proteins: double-stranded RNA-activated pancreatic ER
kinase-like ER kinase (PERK), activating transcription factor 6 (ATF-6), and inositolrequiring enzyme 1 (IRE1; Ron & Walter 2007; Hetz 2012).

1.6.

The Unfolded Protein Response (UPR)
The UPR transmembrane proteins are initially pro-survival in nature. When the

ER is in an unstressed state, the molecular chaperone immunoglobulin heavy chain
binding protein (BiP/GRP78) is bound to PERK, ATF-6, and IRE1, inactivating the UPR
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transducer proteins (Kozutsumi et al., 1988). Upon accumulation of unfolded or
misfolded proteins in the ER lumen, BiP is sequestered and dissociates from PERK,
ATF-6, and IRE1, eliciting the UPR in an attempt restore ER homeostasis (Senft & Ronai
2015). Once BiP has dissociated from PERK, the PERK protein autophosphorylates and
homodimerizes, then directly phosphorylates eukaryotic initiation factor-2 (eIF2),
which functions to halt further protein translation in the ER by interfering with the 5’-cap
assembly (Schroder & Kaufman 2005). BiP dissociation from IRE1 also facilitates IRE1
homodimerization and autophosphorylation, which further induces the expression of
multiple proteins that are highly involved in the feedback inhibition of PERK
phosphorylation, such as BCL2 antagonist/killer-1 (BAK), BCL2-associated X apoptosis
regulator (BAX), BAX inhibitor-1 (BI-1), and aryl hydrocarbon receptor interacting
protein-1 (AIP-1; Hetz 2012).
Unlike PERK and IRE1, BiP disengagement from ATF-6 leads to translocation of
the ATF-6 protein from the ER to the Golgi complex where ATF-6 undergoes
intramembrane proteolysis, producing active ATF-6 transcription factors that are
subsequently released into the cytosol (Schroder & Kaufman 2005; Hetz 2012). The
activated transcription factors then migrate to the cellular nucleus and elicit their response
by interacting with nuclear resident transcription factors to regulate UPR gene expression
to induce the transcription of proteins that are able to evade PERK-mediated translation
blockage and begin to restore normal protein folding activities in the ER (Hetz 2012).
However, if homeostasis cannot be sufficiently restored then the UPR essentially
switches from a pro-survival to a pro-apoptotic state to eliminate the damaged cell from
the population (Sovolyova et al., 2014; Szegezdi et al., 2006; Sano & Reed 2013).
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1.7.

Alterations in Cellular Physiology Associated with UPR Activation
In addition to the ER’s primary responsibilities involving protein folding and lipid

biosynthesis, the organelle also serves as the major cellular Ca2+ reservoir, with Ca2+
concentrations ranging from 1-3mM in the ER lumen (Bravo et al., 2011). The ER not
only utilizes stored Ca2+ for protein folding activities, but also as a key component in
cellular signaling events, most notably for modulation of mitochondria bioenergetics. In
contrast, lower Ca2+ concentrations (~0.1µM) are maintained in the cytosol to facilitate
the use of Ca2+ in alternative biological processes, such as second messengers (Bravo et
al., 2011; Sovolyova et al., 2014). The normal high-to-low ratio of Ca2+ in the ER lumen
and cytosol, respectively, is maintained through Ca2+ uptake into the ER via
sarcoplasmic/endoplasmic reticulum Ca2+ transport ATPase (SERCA) pumps, and Ca2+
release from the ER through inositol triphosphate receptors (IP3R) and ryanodine
receptors (RyR; Bravo et al., 2011; Sovolyova et al., 2014). However, current research
suggests that sufficient ER stress and activation of the UPR leads to chronic depletion of
Ca2+ from the ER to the cytosol and/or mitochondria through associated IP3Rs and RyRs
(Vannuvel et al., 2013). Normal mitochondrial functions are sensitive to fluctuations in
Ca2+ concentrations (Vannuvel et al., 2013), and unregulated release of Ca2+ into the
mitochondria can lead to decreased energy production, mitochondrial membrane
depolarization, release of cytochrome c oxidase into the cytoplasm, and eventually
irreversible apoptosis (Bravo et al., 2011; Sovolyova et al., 2014).
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1.8.

Particulate Matter-Induced Inflammatory Response and ER Stress/UPR Crosstalk
The mechanisms underlying the wide array of PM-related diseases is the subject

of intense toxicological research. The inflammatory response is a nonspecific cellular
response to toxic injury or assault. Initially, during acute inflammatory responses, the
release of inflammatory mediators, such as interleukins and prostaglandins, function to
facilitate controlled cellular healing and repair (Xu et al., 2013; Chen et al., 2018).
However, persistent injury can cause sustained upregulation of inflammatory cells and
molecules which can lead to uncontrolled tissue scarring and detrimental DNA damage
(Chen et al., 2018).
Endoplasmic reticulum stress is a mechanism common to many inflammatory
chronic diseases, such as metabolic diseases, arthritis, cardiovascular disease,
inflammatory bowel disease, atherosclerosis, neurodegenerative diseases, diabetes, and
cancer (Wang & Kaufman 2012; Chaudhari et al., 2014; Grootjans et al., 2016). Multiple
crosstalk nodes exist between ER stress and inflammation, suggesting that ER stress and
the UPR can directly initiate inflammatory pathways in parallel with the ability of proinflammatory molecules to trigger ER stress (Hotamisligil 2010; Grootjans et al., 2016).
It is well documented that PM2.5 exposure triggers the inflammatory response, as
evidenced by increased presence of inflammatory mediators and pro-inflammatory
cytokine release, as well as the recruitment of inflammatory and immune-specific cells
(Vawda et al., 2014; Pope et al., 2016). Our laboratory has revealed that CVPM-exposed
human lung cells demonstrate an upregulation in cytokine and interleukin activity, as
well as activation of PERK, ATF-6, and activating transcription factor 4 (ATF-4;
Watterson et al., 2007; Watterson et al., 2009), in agreement with other studies (Mendez
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et al., 2013; Velali et al., 2016; Li et al., 2017; Wang et al., 2017; Zhou et al., 2017;
Longhin et al., 2018; Hanai et al., 2019), suggesting potential overlap between the
inflammatory and UPR pathways (Figure 5.2).

1.9.

Unfolded Protein Response-Related Disease States
Understanding the underlying toxic mechanisms of PM2.5 is important because ER

stress and activation of the UPR is a hallmark of many serious diseases, including
diabetes, neurodegenerative disease, ophthalmic disorders, inflammation, cardiovascular
disease, and cancer (Haeri & Knox 2012; Vannuvel et al., 2013; Sano & Reed 2013).
There is a growing body of evidence suggesting mitochondrial dysfunction in
conjunction with the ER stress response are strongly associated with insulin resistance
and type II diabetes (Harding & Ron 2002; Gurzov et al., 2008; Gurzov et al., 2009;
Gurzov et al., 2010). The UPR is involved in pancreatic beta cell death by overexpression
of PERK, leading to downregulation of anti-apoptotic proteins, such as myeloid-cell
leukemia 1 (Mcl-1), and activates C/EBP homologous protein (CHOP), which can assist
with mitochondrial associated cell death. In addition, IRE1 recruitment of TNF receptorassociated factor 2 (TRAF2) subsequently activates the apoptosis signal-regulating
kinase 1 (ASK1)/c-Jun N-terminal kinase (JNK) pathway, ultimately leading to cell death
via the release of mitochondrial-associated apoptotic factors and executioner caspase-3
activation.
Alzheimer’s disease (AD) is a common neurodegenerative disorder characterized
by progressive memory impairment due to the build-up of plaques causing the massive
loss of neurons in the brain (Rozpedek et al., 2015). Postmortem histopathological
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experiments on the brain tissue of AD patients demonstrated a significant increase in
UPR-associated markers, such as BiP, phosphorylated PERK, eIF2α, phosphorylated
IRE1, spliced X-box binding protein 1 (sXBP1), and CHOP, suggesting long-term
stimulation of the UPR could be strongly associated with AD neurodegenerative
processes (Kudo et al., 2002; Sano & Reed 2013). Similarly, increased expression of BiP,
sXBP1, ATF-4, and CHOP have been observed in patients with heart failure as
consequence of increased oxidative stress and hypoxia followed by increased protein
synthesis and onset of ER-stress induced UPR activation (Kadowaki & Nishitoh 2013).
Unfolded protein response activation during tumor cell growth is well
documented. BiP induction contributes to tumor cell growth and proliferation (Kadowaki
& Nishitoh 2013) while BiP inhibition suppresses growth, progression, and metastasis
(Jamora et al., 1996). Additionally, under hypoxic conditions, PERK inactivation has
been shown to impair tumor survival (Bobrovnikova-Marjon et al., 2010) and X-box
binding protein (XBP1) deletion was found to reduce tumor formation (Romero-Ramirez
et al., 2004), thus the UPR pathway may serve as a potential target for the treatment of
cancer.
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2.0. CELL CULTURE BIOASSAYS AND RNA SEQUENCING

2.1.

Hypothesis
Our previous work demonstrated that CVPM exposure to BEAS-2B human

bronchial epithelial cells results in increases in post-translational modifications of
proteins heavily involved in ER stress and the UPR (Watterson et al., 2009). Similarly,
published research has also demonstrated that exposure to PM2.5 from other locales
affects the expression of major UPR proteins and ER stress-related apoptosis markers,
and well as caused an increase in oxidative stress and mitochondrial dysfunction
(Malhotra et al., 2008; Vannuvel et al., 2013; Chaudari et al., 2014; Liu et al., 2015).
Therefore, my overall hypothesis is that the mechanism of cellular dysregulation
and toxicity of CVPM is due, at least in part, to induction of the UPR. My hypothesis was
formed, in part, based on our preliminary and published data, demonstrating that CVPM
upregulates key markers involved in the UPR in cultured human lung cells. I tested this
hypothesis in experiments organized into two Specific Aims.

2.2.

Specific Aims
A long-term goal of this research is to understand the mechanisms involved in

CVPM toxicity as a first step in assessing the risk to human health posed by exposure to
this toxicant.

Aim 1. Sequence the transcriptome of BEAS-2B cells following CVPM exposure to
confirm the major cellular networks that are affected. Our previous work demonstrates
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there is a significant upregulation in the transcription of several proteins predominantly
involved in the UPR following exposure to CVPM. However, our lab recently updated
our ambient PM2.5 collection process from a filter-based method to PM2.5 collection onto
stainless-steel disks to reduce the risk of introducing unwanted artifacts into the PM2.5
stock and enhance the efficiency of PM2.5 recovery. Thus, next generation RNA
sequencing techniques were used to analyze the transcriptome of human bronchial cells
to confirm the results from our previously published work and to test my hypothesis that
the UPR is an important mechanism of CVPM toxicity. Finally, all experiments were
conducted in parallel with diesel exhaust particles (DEP) to enable a firmer risk
comparison because the toxic potency and resultant health effects of DEP are well
known.

Aim 2. Evaluate dysregulation in human lung cell physiology following exposure to
CVPM using cell culture bioassays, focusing on the UPR and other pathways identified
in Aim 1. Preliminary and published data indicate that there are multiple measurable
alterations in cell physiology resulting from significant ER stress and UPR induction,
such as an increase in reactive oxygen species (ROS), mitochondrial dysfunction, efflux
of Ca2+ ions from the ER, cytotoxicity, and apoptosis. For this work, I evaluated these,
and other markers of the UPR and cellular dysregulation, to test my hypothesis that the
UPR is an important mechanism of CVPM toxicity. As in Aim 1, all experiments also
included exposure to DEP for comparison.
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2.3.

Experimental Approach

2.3.1. Chemicals, Reagents, and Supplies. Human bronchial (BEAS-2B) cells were
generously gifted from Dr. Katerine Macé (Nestle Research Centre; Lausanne,
Switzerland). LHC-9 cell culture growth medium was from Invitrogen (Camarillo, CA),
1x TrypLE Express Enzyme for cell detachment was from Gibco (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA), and 1x phosphate buffered saline (PBS) was from Cytiva
(Logan, UT). Thapsigargin, 2’,7’-dichlorofluorescin diacetate (DCFH-DA), Fluo-3pentaacetoxymethyl ester (Fluo-3 AM), Rhod-2 acetoxymethyl ester (Rhod-2 AM),
3,3’-dihexyloxacarbocyanine iodide (DiOC6), carbonyl cyanide m-chlorophenyl
hydrazone (CCCP), 30% hydrogen peroxide (H2O2), and Cell Counting Kit-8 (CCK-8)
were obtained from MilliporeSigma (Saint Louis, MO). The Annexin-V-FLUOS
labelling solution was from Roche (Mannheim, Germany). The ROS-ID Total
ROS/Super Oxide detection kit was from Enzo Life Sciences, Inc. (Farmingdale, NY).
The NucleoSpin RNA/Protein kit was from Macherey-Nagel (Düren, Germany). The
96-well and 12-well culture plates were from Corning (Corning, NY) and the vent-top
T-25 and T-75 culture flasks were from Thermo Fisher Scientific (Waltham, MA).

2.3.2. Particle Collection and Extraction. All ambient CVPM particles were collected
on campus at a secure location at Utah State University onto stainless steel discs using
the Tisch Environmental (Cleves, OH) ambient non-viable Anderson cascade impactor.
The body of the Tisch impaction system was placed in a protective crate with the inlet
open to the atmosphere in the particle collection location and was connected to a vacuum
pump operating 24 hrs during all clear days and inversion events but turned off during
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any storms or fog events to maintain the integrity of the impactor and sample discs.
Following the collection process, the CVPM fraction was measured by pooling and
approximating the sample below the nominal 3.2µm or 1.8µm impactor stages which
includes all particles ≤2.5µm. The extracted CVPM was then transferred to cell culture
media and stored at -80C until use. Diesel exhaust particles, used as a benchmark and
positive control in all studies, were generously provided by Dr. Ian Gilmour of the U.S.
EPA.

2.3.3. Cell Culture and Treatment. BEAS-2B cells from the same passage were grown
in LHC-9 medium in culture flasks at standard biological conditions until ~80%
confluency was reached. Media for the negative control (or vehicle) was replaced with
fresh LHC-9 media containing no CVPM or DEP, while the media for the test conditions
was replaced with fresh LHC-9 media containing 1µg/mL CVPM (i.e., particle mass per
liquid media volume), 12µg/mL CVPM, 25µg/mL CVPM, 50µg/mL CVPM, 1µg/mL
DEP, and 12µg/mL DEP, with five replicates per condition (N=5) in 12-well culture
plates, unless otherwise specified, and incubated at 37°C for 24 hr prior to analysis. The
CVPM concentrations and incubation period were chosen based previous work from our
laboratory and on potential real-world exposures (Becker et al., 2005; Watterson et al.,
2007; Watterson et al., 2009; Watterson et al., 2012). Prolonged ventilation in high
pollution areas may lead to exposure concentrations of 50µg/mL in the lungs (Becker et
al., 2005).
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2.3.4. Cytotoxicity. BEAS-2B cultures (N=5) were prepared according to section 2.3.3.
in clear 96-well plates. Test conditions included the negative control, 1µg/mL CVPM,
12µg/mL CVPM, 25µg/mL CVPM, 50µg/mL CVPM, 100µg/mL CVPM, 200µg/mL
CVPM, 1µg/mL DEP, 12µg/mL DEP, 25µg/mL DEP, 50µg/mL DEP, 100µg/mL DEP,
and 200µg/mL DEP. Following incubation, 10µL of the CCK-8 solution was added to
each well and incubated per the manufacturer’s instructions. Absorbance was measured at
450nm using a SpectraMax i3x microplate reader (Molecular Devices, San Jose, CA).

2.3.5. Apoptosis. BEAS-2B cultures (N=3) were prepared according to section 2.3.3. in
vent-top T-25 flasks. Following incubation, the cultures were trypsinized, washed with
PBS, centrifuged at 200xg for 5 min, resuspended in the Annexin-V-FLUOS labelling
solution per the manufacturer’s instructions and analyzed by flow cytometry with an iQue
Screener Flow Cytometer (Fluorescein 488nm/518nm, Propidium Iodide 488540nm/617nm; Sartorius, Albuquerque, NM).

2.3.6. Reactive Oxygen Species (ROS) and Superoxide (SO) Detection. BEAS-2B
cultures (N=5) were prepared according to section 2.3.3. in black-well clear-bottom 96well plates. Following incubation, the supernatant was discarded, the cells were washed
with PBS, loaded with ROS/Superoxide Detection Solution per the manufacturer’s
instructions, and incubated at 37°C for 1 hr. Fluorescence was measured using a
SpectraMax i3x microplate reader (Fluorescein 488nm/520nm, Rhodamine
550nm/610nm). Pyocyanin is a potent ROS inducer and was included in the ROS-ID
Total ROS/Superoxide Detection Kit as the ROS positive control.

21

2.3.7. Mitochondrial Ca2+ Measurement. BEAS-2B cultures (N=5) were prepared
according to section 2.3.3. Following incubation, a final concentration of 10µM of
Rhod-2 AM (Brisac et al., 2010) was added to each test culture well and incubated at
37°C for 30 min. The cultures were then washed with PBS, trypsinized, centrifuged at
200xg for 5 min, resuspended in PBS, and immediately analyzed by flow cytometry with
an iQue Screener Flow Cytometer (552nm excitation/581nm emission). The Rhod-2 AM
probe has a net positive charge and is membrane permeable, allowing it to be readily
sequestered into the mitochondria. Once in the mitochondria, the AM portion is rapidly
cleaved and the remaining Rhod-2 indicator fluoresces upon the binding of Ca2+ ions
(Brisac et al., 2010).

2.3.8. Cytosolic Ca2+ Measurement. BEAS-2B cultures (N=5) were prepared according
to section 2.3.3. Following incubation, a final concentration of 1µM of Fluo-3 AM
(Brisac et al., 2010) was added to each test culture well and incubated at 37°C for 2 hr.
The cultures were then washed with PBS, trypsinized, centrifuged at 200xg for 5 min,
resuspended in PBS, and immediately analyzed by flow cytometry with an iQue Screener
Flow Cytometer (506nm excitation/526nm emission). Fluo-3 AM is membrane permeant
and is cleaved to Fluo-3 in the cytoplasm by non-specific esterases. Fluo-3 is essentially
non-fluorescent unless it is bound to Ca2+ ions, and the fluorescent intensity increases in
correspondence with an increase in Ca2+ concentration (Brisac et al., 2010). Thapsigargin
(5µM), a potent inhibitor of the SERCA pump that causes ER stress and autophagy in
mammalian cells, was used as a positive control.
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2.3.9. Assessment of Mitochondrial Membrane Potential (m) Drop. BEAS-2B
cultures (N=5) were prepared according to section 2.3.3. Following incubation, a final
concentration of 50nM (Brisac et al., 2010) of the lipophilic potential-sensitive
fluorescent probe DiOC6 was added to each test culture well and incubated at 37°C for
30 min. The cultures were then washed with PBS, trypsinized, centrifuged at 200xg for
5 min, resuspended in PBS, and immediately analyzed by flow cytometry with an iQue
Screener Flow Cytometer (484nm excitation/501nm emission). CCCP (50µM), a
chemical inhibitor of oxidative phosphorylation, was used as the positive control
(Sivandzade et al., 2019).

2.3.10. RNA Purification and RNA Sequencing Transcriptomics. BEAS-2B cultures
(N=3) were prepared according to section 2.3.3. in T-75 vent-top culture flasks. Test
conditions included a negative control, 1µg/mL CVPM, 12µg/mL CVPM, 1µg/mL DEP,
and 12µg/mL DEP. Following incubation, the cultures were trypsinized, washed with
PBS, and centrifuged at 200xg for 5 min. RNA purification was immediately performed
using the NucleoSpin RNA/Protein kit. Highly pure RNA samples were achieved per the
NucleoSpin RNA purification protocol, which were flash-frozen in liquid nitrogen and
then stored at -80C until RNA sequencing (RNA-seq). Whole transcriptome RNA-seq
was performed using an Illumina NextSeq 550 sequencer (Illumina, San Diego, CA) at
Utah State University’s Center for Integrated Biosystems. Only two replicates in the
negative control group were included because the RNA for the third replicate had
degraded during the sequencing process and was therefore eliminated from the dataset.
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Individual RNA-seq reads were first mapped to the human genome (hg38) using
HISAT2 version 2.1.0 (Johns Hopkins University Center for Computational Biology,
Baltimore, MA; Kim et al., 2015), followed by quantification of the raw read counts
using the featureCounts Bioconductor R package (Liao et al., 2014). Data pre-processing
and differential expression (DE) was performed using edgeR and Limma Bioconductor R
packages (Law et al., 2018). By default, significance was defined using a 5% adjusted
p-value cutoff (False discovery rate (FDR) = 0.05). Pathway analysis on the DE
transcripts was completed using the Ensemble Gene Set Enrichment (EGSEA;
Alhamdoosh et al., 2017) Bioconductor R package, which generated the top 50
“hallmark” significantly affected pathways from the Molecular Signatures Database
(MSigDB; Liberzon et al., 2015). The EGSEA Bioconductor R package combined the
FDR adjusted p-values from twelve different gene set enrichment (GSE) methods (i.e.,
ora, globaltest, plague, safe, zscore, gage, ssgsea, padog, gsva, camera, roast, and fry)
using the Wilkinson method and ranked them using the median.

2.3.11. Statistical Analysis. All statistical analysis was performed using JMP, version 15
(SAS, Cary, NC), with Tukey adjustments for multiple post hoc comparisons.

2.4.

Results

2.4.1. Cytotoxicity and Apoptosis. Both particle types were significantly more cytotoxic
than the negative control at concentrations ≥50µg/mL (Figure 5.3). However, at
≥100µg/mL DEP was significantly more cytotoxic than CVPM. EC50’s of 441μg/mL and
259μg/mL for CVPM and DEP, respectively, were extrapolated using line fitting with
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simple linear regression. Cellular measurement of EC50 for CVPM was not possible
because the maximum stock concentration of collected CVPM (~200µg/mL) was
insufficiently cytotoxic to achieve 50% cytotoxicity.
Apoptosis can be triggered by various stimuli, such as a loss of mitochondrial
membrane potential (m), leading to the release of pro-apoptotic signaling compounds
from the mitochondria into the cytoplasm (Alirol et al., 2006; Vannuvel et al., 2013).
Apoptotic events were measured at the membrane using the fluorescent probes Annexin
V and propidium iodide. First, apoptosis-activated translocation of phosphatidylserine
(PS) to the external surface of the cell was quantified with Annexin V which binds to PS.
Propidium iodide acts as a necrotic cell DNA fluorescent probe to discriminate between
necrotic and apoptotic cells: cells that exclude either Annexin V or propidium iodide are
considered alive, while those that bind primarily to propidium iodide are considered
necrotic. Additionally, cells that bind primarily to Annexin V are considered early in
apoptosis, while those that take up both Annexin V and propidium iodide are both
apoptotic and necrotic, thus later-stage apoptosis.
In this work, there appeared to be a concentration-related increase in necrotic cells
corresponding to an increase in CVPM concentration and treatment with ≥12µg/mL
CVPM was significant from both the negative control (73.5%, 121.9%, and 462.9%
increases for 12µg/mL CVPM, 25µg/mL CVPM, and 50µg/mL CVPM, respectively) and
equivalently tested concentrations of DEP (133.6% increase for 12µg/mL CVPM; Figure
5.4). Exposure to 12µg/mL CVPM also caused a significant increase in cells in late-stage
apoptosis compared to the negative control (24.7% increase for 12µg/mL CVPM) but
there was no significant difference between CVPM and DEP at equivalent
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concentrations. At all tested concentrations, CVPM treatment did not cause a significant
increase in early apoptosis events compared to the negative control and 12µg/mL DEP
exposure resulted in a significant increase in cells in early apoptosis compared to
12µg/mL CVPM (618% increase for 12µg/mL DEP).

2.4.2. Reactive Oxygen Species (ROS) and Superoxide (SO). Cellular oxidative stress
mediated by ROS formation is believed to play an important role in PM2.5 toxicity (Xia et
al., 2007; Zhou et al., 2017; Vattanasit et al., 2014). Oxidative injury can damage the ER
membrane and subsequent secretory protein folding, leading to ER stress and activation
of the UPR (Rashid et al., 2015). At the concentrations tested, CVPM appeared to induce
a concentration-related increase in ROS production; CVPM (at 50µg/mL) elicited a
significant increase compared to negative control (18.3% increase for 50µg/mL CVPM;
Figure 5.5). Generation of SO was also associated with CVPM treatment, but not to a
degree that was statistically significant. Cells treated with DEP had significant increases
in both ROS and SO compared to the negative control (18.6% increase in ROS for
12µg/mL DEP; 23.6% increase in SO for 1µg/mL DEP), but these markers of free-radical
generation were not different from that in CVPM-treated cultures.

2.4.3. Ca2+ Imbalances. Another consequence of ER stress and UPR activation is an
efflux of Ca2+ ions from the ER lumen into the cytoplasm (Vannuvel et al., 2013) with
the resultant gradient causing an influx into the mitochondria (Sovolyova et al., 2014). In
our study, cultures treated with CVPM showed concentration-related increases in both
cytosolic and mitochondrial Ca2+ concentrations compared to the negative control (55.3%
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and 120.8% increase in cytosolic Ca2+ for 25µg/mL CVPM and 50µg/mL CVPM,
respectively; 33.1%, 31.6%, 39.8%, and 77.9% increase in mitochondrial Ca2+ for
1µg/mL CVPM, 12µg/mL CVPM, 25µg/mL CVPM, and 50µg/mL CVPM, respectively;
Figure 5.6). In both experiments, treatment with 12µg/mL DEP caused a significant
increase in intracellular Ca2+ concentrations compared with same concentration of CVPM
(214.2% and 68.9% increase in cytosolic and mitochondrial Ca2+ for 12µg/mL DEP,
respectively).

2.4.4. Assessment of Mitochondrial Membrane Potential (m) Drop. Decreases in
m is an important parameter of mitochondrial functional, as well as overall cellular
viability (Vannuvel et al., 2013). Investigating dysregulation in mitochondrial physiology
in relation to CVPM toxicity via the UPR is important because following sufficient ER
stress, Ca2+ ions are released from the ER to the mitochondria through voltage gated Ca2+
channels in the mitochondrial associated membranes (MAMs; Vannuvel et al., 2013;
Bhat et al., 2017; Senft & Ronai 2015). An efflux of Ca2+ from the ER to the
mitochondria causes a loss of m, which can lead to release of cytochrome c oxidase
from the mitochondria into the cytoplasm indicating the cell is transitioning towards
apoptosis. In this study, significant concentration-related decreases in m were
observed for all CVPM treated conditions compared to the negative control (34.4%,
43.1%, 73.9%, and 127.9% drop in m for 1µg/mL CVPM, 12µg/mL CVPM, 25µg/mL
CVPM, and 50µg/mL CVPM, respectively; Figure 5.7). Treatment with 12µg/mL DEP
caused a significant loss of m compared to 12µg/mL CVPM (137.2% drop in m for
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12µg/mL DEP), but there was no significant difference in m between 1µg/mL CVPM
and 1µg/mL DEP.

2.4.5. Transcriptomic Differential Expression (DE) and Pathway Analysis. Differential
expression analysis on the RNA-seq count data was completed with edgeR and Limma
Bioconductor packages (see section 2.3.11). At 1µg/mL, CVPM and DEP independently
affected 858 and 694 genes, respectively, with 2024 similarly affected genes (FDR=0.05;
Figure 5.8 and Figure 5.9). At 12µg/mL, CVPM and DEP induced 294 and 1551
independently affected genes, respectively, with 1996 similarly affected genes
(FDR=0.05; Figure 5.8 and Figure 5.9).
The majority of the known genes in the hallmark UPR pathway were significantly
upregulated at higher (i.e., 12µg/mL) CVPM but downregulated for lower (i.e., 1µg/mL)
concentrations of CVPM (Figure 5.10), while DEP exposure caused a more marked
upregulation in the UPR pathway than CVPM at equivalently tested concentrations
(FDR=0.05; p=0.007 for 12µg/mL CVPM, p=0.0001 for 12µg/mL DEP). The
corresponding log-fold change (logFC) directions for UPR genes of interest is shown in
Figure 5.11. In this study, CVPM exposure caused a downregulation of the three primary
UPR transducer genes: PERK, IRE1, and ATF-6. At 1µg/mL, CVPM exposure caused a
more significant downregulation for only ATF-6 (FDR=0.05; p=0.048 for 1µg/mL
CVPM, p=0.086 for 1µg/mL DEP), while DEP exposure elicited a more significant
downregulation for IRE1 (FDR=0.05; p=0.022 for 1µg/mL CVPM, p=0.012 for 1µg/mL
DEP), and both particle types incited a similar response for PERK (FDR=0.05; p=0.143
for 1µg/mL CVPM, p=0.143 for 1µg/mL DEP). At 12µg/mL, CVPM exposure caused a
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more significant downregulation for only PERK (FDR=0.05; p=0.046 for 12µg/mL
CVPM, p=0.239 for 12µg/mL DEP), while DEP exposure elicited a more significant
downregulation for both ATF-6 (FDR=0.05; p=0.153 for 12µg/mL CVPM, p=0.03 for
12µg/mL DEP) and IRE1 (FDR=0.05; p=0.014 for 12µg/mL CVPM, p=0.002 for
12µg/mL DEP).
At all tested concentrations, CVPM caused an upregulation of the ER chaperone
calreticulin (CALR), while only 12µg/mL CVPM caused upregulation of the ER
chaperone glucose-regulated protein 94 (GRP94/HSP90B1), which are downstream
effectors of ATF-6 activation. At equivalent concentrations, DEP exposure caused a
greater degree of upregulation of both HSP90B1 (FDR=0.05; p=0.999 for 1µg/mL
CVPM, p=0.201 for 1µg/mL DEP, p=0.309 for 12µg/mL CVPM, p=0.202 for 12µg/mL
DEP) and CALR, while only 12µg/mL DEP for CALR was significant (FDR=0.05;
p=0.376 for 1µg/mL CVPM, p=0.098 for 1µg/mL DEP, p=0.146 for 12µg/mL CVPM,
p=0.036 for 12µg/mL DEP).
Although not significant, a major downstream effector of the UPR transducer
protein IRE1, XBP1, was upregulated across all tested CVPM concentrations. XBP1
assists in UPR regulation by mediating cellular adaptation to ER stress, leading to the
transcription of ER chaperone proteins (Ron & Walter 2007). At 1µg/mL, DEP exposure
caused a downregulation of XBP1 compared to CVPM (FDR=0.05; p=0.680 for 1µg/mL
CVPM, p=0.669 for 1µg/mL DEP) and 12µg/mL CVPM and DEP exposure induced
similar XBP1 expression (FDR=0.05; p=0.875 for 12µg/mL CVPM, p=0.877 for
12µg/mL DEP).
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Following UPR initiation and PERK phosphorylation, eIF2α is subsequently
activated via phosphorylation, which functions to further attenuate global protein
translation in the ER in parallel with preferential translation of ATF-4, a master regulator
that is highly involved in the transcription of genes related to adaptation and apoptosis
(Schroder & Kaufman 2005; B’chir et al., 2013). BEAS-2B cells treated with CVPM
caused a significant downregulation of eIF2α and significant upregulation of ATF-4. At
equivalent concentrations, exposure to 1µg/mL CVPM elicited a more significant change
in eIF2α (FDR=0.05; p=0.03 for 1µg/mL CVPM, p=0.062 for 1µg/mL DEP) and ATF-4
(FDR=0.05; p=0.003 for 1µg/mL CVPM, p=0.033 for 1µg/mL DEP) compared to DEP.
However, 12µg/mL DEP caused a more significant response in both eIF2α (FDR=0.05;
p=0.061 for 12µg/mL CVPM, p=0.008 for 12µg/mL DEP) and ATF-4 (FDR=0.05;
p=0.014 for 12µg/mL CVPM, p=0.002 for 12µg/mL DEP) compared to CVPM.
Other significantly affected biological pathways of interest following CVPM
treatment related to the UPR included upregulation of apoptosis (FDR=0.05; p=0.015 for
12µg/mL CVPM, p=0.00008 for 12µg/mL DEP; p=0.686 for 1µg/mL CVPM, p=0.188
for 1µg/mL DEP; Figure 5.10.) and ROS (FDR=0.05; p=0.007 for 12µg/mL CVPM,
p=0.00006 for 12µg/mL DEP; p=0.025 for 1µg/mL CVPM, p=0.002 for 1µg/mL DEP;
Figure 5.10.), as well as downregulation of the inflammatory response (FDR=0.05;
p=0.004 for 12µg/mL CVPM, p=0.00005 for 12µg/mL DEP; p=0.006 for 1µg/mL
CVPM, p=0.002 for 1µg/mL DEP; Figure 5.10.), with DEP causing a more significant
response compared to CVPM at all equivalently tested concentrations. The corresponding
logFC directions for the apoptosis, ROS, and inflammatory response pathway genes of
interest are shown in Figure 5.12, Figure 5.13, and Figure 5.14, respectively.
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2.5.

Discussion
Cache Valley Utah has had a history of experiencing some of the highest PM2.5

concentrations in the United States (Malek et al., 2006; USA-Today 2005). Exposure to
PM2.5 is linked to several human diseases but the exact mechanisms of CVPM toxicity
have yet to be fully characterized. In a previous investigation, we hypothesized that
CVPM activates ER stress and the UPR, a highly conserved cellular stress response
(Watterson et al., 2009). That study involved CVPM collection onto Teflon filters which
underwent an extensive aqueous extraction process possibly altering particle chemistry,
or interfered with complete CVPM recovery, before cell treatment. Here, we confirm this
hypothesis using a more efficient particle collection and recovery system that preserves
particle chemistry and distribution until use.
A central role of the UPR in PM2.5 pathology was subsequently confirmed by
other laboratories (Laing et al., 2010; Mendez et al., 2013; Liu et a., 2015; Velali et al.,
2016; Zhou et al., 2017, Xu et al., 2017, Liu et al., 2021). In the present study, CVPM
induced classical markers of ER stress and UPR activation in exposed BEAS-2B cells:
apoptosis, intracellular Ca2+ imbalances, and m drop, and DE of PERK, IRE1, and
ATF-6 and their downstream effectors.
Initial UPR functions are pro-survival in nature. However, pro-apoptotic signaling
may follow chronic and/or irreversible stress (Sovolyova et al., 2014; Szegezdi et al.,
2006; Sano & Reed 2013). PM2.5-induced apoptosis has been observed in human lung
cells (Liu et al., 2015; Zhou et al., 2017) and previous work from our laboratory
demonstrated CVPM exposure caused significant increases in markers related to
apoptosis, such as calpain and caspase-12 activation (Watterson et al., 2007; Watterson et
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al., 2009). In this study, flow cytometry revealed that CVPM exposure caused late-stage
apoptosis and necrosis in human lung cells. Similar findings have been reported (Zhou et
al., 2017; Zhou et al., 2017; Wang et al., 2021), suggesting that exposure to high
concentrations of PM2.5 may result in autophagy-dependent cell necrosis triggering acute
inflammatory response signals. Additionally, mitochondrial oxidative stress and
disruption of the electron transport chain via loss of m has also been postulated to be
responsible for PM2.5-associated cellular apoptosis and necrosis (Li et al., 2008; Longhin
et al., 2013).
ROS-mediated oxidative stress is believed to have a crucial role in PM2.5mediated toxicity (Xia et al., 2007), including ROS being a key modulator of ER stress
and UPR activation, likely through PERK stimulation and/or activation of the
inflammatory response (Laing et al., 2010). Nevertheless, statistically significant
increases in ROS production were observed at only the highest tested CVPM
concentration. The lack of detectible ROS with <50µg/mL CVPM treatment is likely a
reflection of the low concentration of ROS-inducing transition metals, like iron,
compared to PM2.5 from other locales (Mangelson et al., 1997; Watterson et al., 2007;
Baasandorj et al., 2018). Iron is an essential constituent of the Fenton reaction, which
produces reactive species capable of oxidizing biological molecules from hydrogen
peroxide and ferrous salt substrates (Winterbourn 1995). Due to the growing body of
evidence suggesting PM2.5-related reactive species are strong activators of the UPR,
future work in this area may include a more targeted investigation of potential CVPMrelated reactive species, including specific ROSs (i.e., SO, H2O2, HO·, and NO), lipid
peroxides, and reduced glutathione.
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In this study, flow cytometry experiments revealed that CVPM treatment caused a
significant efflux of both cytosolic and mitochondrial Ca2+. Perturbations of Ca2+
homeostasis related to UPR activation is an established response to PM exposure in J774
murine macrophage and human peripheral blood mononuclear cells (Brown et al., 2004;
Brown et al., 2007). ER-stress and UPR-induced Ca2+ fluctuations have also been
documented in human neuroblastoma IMR5 cells exposed to Poliovirus. (Brisac et al.,
2010), suggesting that mitochondrial uptake of Ca2+ from the cytosol through the Ca2+
uniporter and from the ER via the IP3R and RyR channels leads to mitochondrialinduced apoptosis (Brisac et al., 2010). Similarly, PM2.5-induced intracellular Ca2+
fluctuation from IP3R, RyR, and calmodulin (CAM) modulation in human Jurkat T cells
has also been reported (Zhao et al., 2019). Although we observed significant alterations
in cytosolic and mitochondrial Ca2+, ion movement through specific Ca2+ channels were
not investigated. Concomitant with perturbations in mitochondrial Ca2+, CVPM caused a
disruption in m, another marker of ER stress and UPR activation (Brisac et al., 2010;
Longhin et al., 2013). Similar PM2.5-induced mitochondrial dysfunction in BEAS-2B
cells via m loss, morphology changes, and respiration disruption has been reported as
well (Liu et al., 2020; Sotty 2020; Leclercq et al., 2018).
Transcriptomics confirmed that CVPM exposure caused an overall significant
upregulation of the UPR and related pathways, including apoptosis and ROS. While in
this study CVPM exposure caused a significant downregulation of the three primary UPR
transducer genes, PERK, IRE1, and ATF-6, direct downstream effectors were
significantly upregulated. These results suggest activation of the UPR in BEAS-2B cells
from 24 hr CVPM exposure has likely advanced beyond PERK, IRE1, and/or ATF-6
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activation alone. Phosphorylation of eIF2α following PERK oligomerization and
autophosphorylation due to unfolded or misfolded protein accumulation in the ER
promotes the transcription of ATF-4 followed by CHOP (Hu et al., 2019). Here, we
observed that CVPM significantly upregulated ATF-4 and CHOP across all CVPM test
conditions. These results agree with previous work from our laboratory (Watterson et a.,
2009) and others where PM2.5 exposure has been shown to differentially affect the PERK
signaling pathway (Laing et al., 2010).
CHOP is a transcription factor and a cellular stress sensor with both pro-apoptotic
and anti-apoptotic gene targets (Yang et al., 2017). Canonically, overexpression of CHOP
due to ER stress and the UPR has been attributed to cell cycle arrest and apoptosis
predominantly via the PERK signaling pathway, most notably through pro-apoptotic
signals (Marciniak et al., 2004; Li et al., 2014). CVPM exposure caused a significant
upregulation of both BAX and growth arrest and DNA damage inducible β (GADD45B)
in addition to CHOP, suggesting CVPM caused sufficient ER stress to promote proapoptotic UPR signaling pathways, likely through CHOP. The observation of late-stage
apoptosis in CVPM-treated cells confirms these results.
CHOP activation is not limited to the PERK branch of the UPR alone but can
occur through ATF-6 and IRE1 as well (Li et al., 2014). Activation of ATF-6 in response
to ER stress is often considered a pro-survival UPR cellular mechanism and functions by
binding to the promoters of genes involved in the augmentation of ER size and proteinfolding capacity, including resident ER chaperones (Rutkowski et al., 2006; Hu et al.,
2019). In agreement with our published data (Watterson et al., 2009), CVPM exposure
caused an upregulation the ER resident chaperones heat shock protein 90kDa (HSP90)
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and heat shock protein β-1 (HSPB1), although in this study only HSPB1 was significant.
ATF-6 further regulates pro-survival functions of the UPR through promotion of XBP1
and CHOP (Li et al., 2014; Hu et al., 2019). XBP1 has been shown to independently
activate CHOP, indicating that ATF-6 can cooperate with XBP1 to activate CHOP to
promote cell survival (Hu et al., 2019). While this study demonstrated that CVPM
exposure caused a significant downregulation of ATF-6 and IRE1, subsequent XBP1
upregulation was not significant indicating that CHOP activation likely occurred through
the PERK/eIF2α/ATF-4/CHOP pathway or through ATF-6 and/or IRE1 independent of
XBP1.
It is well documented that PM2.5 exposure to human lung cells triggers the
inflammatory response (Vawda et al., 2014; Pope et al., 2016), and substantial evidence
suggests intracellular signaling overlap between the UPR and inflammatory response
pathways (Hotamisligil 2010; Grootjans et al., 2016). In our previous studies (Watterson
et al., 2007), microarray analysis and immunoblots detected an upregulation of
inflammatory response related genes (i.e., MHC class I polypeptide-related sequence A
(MICA), interleukin 1 receptor type 1 (IL1-R1), interleukin 6 receptor (IL-6R),
interleukin 20 (IL-20), Toll-like receptor 5 (TLR-5), caspase-3, and Toll-interacting
protein (TollIP)), and proteins (i.e., IL-6R, interleukin 6 (IL-6), signal transducer and
activator of transcription 3 (Stat3), IL-1R1, interleukin 1 receptor-associated kinase
(IRAK), heat shock protein 70kDa (Hsp70), and NF-ĸβ), respectively. It was surprising
therefore that our pathway analysis showed a general downregulation of the
inflammatory response pathway across all treatments. Significant DE was not observed
for IL-6, interleukin 8 (IL-8), or NF-ĸβ, inflammatory markers well documented to be
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affected by PM2.5 exposure (Becker et al., 2005; Manzano-Leon et al., 2016). However,
significant upregulation of other key proinflammatory mediators, such as 26S
proteasomal ubiquitin receptor (ADRM1), interleukin 18 (IL-18), fractalkine/chemokine
(C-X3-C motif) ligand 1 (CX3CL1), and interferon-induced transmembrane protein 1
(IFITM1) were detected, illustrating the complexity of the inflammatory response and
UPR crosstalk. Possible explanations for the lack of detectable inflammatory markers
include biased RNA-seq results, protein post-transcriptional modifications that are
captured in the Western blots and not the mRNA or differing molecule half-lives leading
to unproportioned mRNA and protein concentrations (Greenbaum et al., 2003; Wang et
al., 2008). However, more work needs to be completed in this area before final
conclusions can be made. Additionally, while the UPR was identified here as a primary
mechanism of CVPM toxicity, RNA-seq revealed a significant upregulation in the DNA
repair, interferon α response, and p53 pathways, which are also closely interrelated with
the UPR and inflammatory response (Cooks et al., 2014; Kawanishi et al., 2017) and
likely contribute to CVPM toxicity.
Compared to CVPM, DEP was generally more potent in inducing markers of ER
stress and the UPR in BEAS-2B cells (Jung et al., 2007) and in most experiments,
1g/mL DEP elicited similar results to 12g/mL CVPM. While still hazardous to human
health, the decreased toxicity of CVPM compared to DEP is most likely a reflection of
differences in particle chemistry. DEP is a complex mixture of carbon, metal, and metaloxides, in gaseous, liquid, and particulate states, with particle aggregates ranging from
10-100nm in diameter that are not easily removed from the lung (Steiner et al., 2016).
DEP itself also contains many known and potent ROS species, such as ozone and NO2,
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and toxic polycyclic aromatic hydrocarbons (PAHs), like benzo-a-pyrene, that cause
genotoxicity and cancer (Ferguson & Denny 2007; Steiner et al., 2016). In contrast,
CVPM, while only partially characterized, is largely comprised of less toxic secondary
nitrate salts, such as NH4NO3 (Martin & Koford 2005; Watterson et al., 2007; Baasandorj
et al., 2018), which thus, at least partially, contributes to the decreased toxicity of CVPM
compared to DEP at equivalent concentrations. NH4NO3 generally comprises around
40% of the total mass of CVPM but can reach as high as 80-85% during inversion events,
indicating that only the components comprising the remaining 15-60% of CVPM are
responsible for the toxic effects of CVPM exposure to human lung cells observed in this
study.
In total, our results support the hypothesis that ER stress and the UPR is an
important molecular mechanism of CVPM pathology. Confirmation of the UPR as an
operative mechanism of PM2.5 toxicity enhances our understanding of pollutant
toxicology because activation of the UPR resulting from ER stress has been associated
with the pathophysiology of many serious diseases, such as cardiovascular disease,
diabetes, retinal degeneration, AD, metabolic disease, and even cancer.
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3.0. ADDITIONAL RESEARCH IMPLICATIONS

3.1. Ambient PM2.5 Human Exposure Estimations
The CVPM concentrations that BEAS-2B cells were exposed to in this study were
higher than one-time exposures in most ambient settings for humans. However, the tested
concentrations may be reached in humans following exposure to highly polluted areas,
such as some metropolitan areas or natural disasters (Tan et al., 2000; Becker et al., 2005;
Watterson et al., 2012). Assuming the volume of the epithelial lining is 20-40mL
(Rennard et al., 1986) and a person ventilates 30L/min during 1 hr of exercise, then the
concentration of CVPM to which human lung cells could be exposed to in vivo on Good,
Moderate, Unhealthy for Sensitive Groups, Unhealthy, Very Unhealthy, and Hazardous,
according to the EPA’s 24 hr average Air Quality Index (AQI) are shown in Table 4.1.

3.2. Expanded Research Significance Based on CVPM Composition
Cache Valley, Salt Lake Valley, and Utah Valley, which are located along Utah’s
Wasatch Mountain range and contain an estimated 2.4 million residents (U.S. Census
2019), frequently experience some of the highest PM2.5 concentrations in the United
States during wintertime inversions. The principal component of Utah’s PM2.5 is
NH4NO3, the formation of which is described previously in section 1.3. Aside from
NH4NO3, CVPM is chemically distinct from PM2.5 in Salt Lake Valley and Utah Valley,
both of which have greater populations, higher vehicle traffic, and are home to steel and
smelting industries that are not present in Cache Valley. However, CVPM is similar in
composition to that found the San Juaquin Valley of California, which is home to 4.3
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million residents and encompasses 11% of the state’s population (Watterson et al., 2012;
U.S. Census 2019; Lurmann et al., 2006). Therefore, our findings that CVPM exposure
activates markers of the UPR in human lung cells, which is a common event in many
disease states, is not only important for understanding the potential health effects of this
toxicant for Cache Valley residents but for California residents as well.

3.3. Methods to Improve Air Quality for Cache Valley Citizens
Elevated wintertime PM2.5 concentrations are a common event in Cache Valley and
the potential health effects associated with PM2.5 exposure are a concern for all Cache
Valley residents. CVPM formation is a due to a combination of human activities as well
as the environment, as described in section 1.3. Cache Valley citizens can help protect
themselves and improve air quality by staying indoors during high pollution episodes,
complete vehicle emissions testing to reduce VOCs and NOx in the atmosphere, reduce
driving and engine idling during inversion events, encourage electric vehicles, and reduce
agriculture and/or improve agriculture nutrition (Martin et al., 2016).
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4.0.TABLES

Human Lung Cell

Air Quality Index (AQI)

PM2.5

Good

12.0 µg/m3

1.08 µg/mL

Moderate

35.4 µg/m3

3.19 µg/mL

Unhealthy for Sensitive Groups

55.4 µg/m3

4.99 µg/mL

Unhealthy

150.4 µg/m3

13.54 µg/mL

Very Unhealthy

250.4 µg/m3

22.54 µg/mL

Hazardous

≥ 250.5 µg/m3

≥ 22.55 µg/mL

Exposure Concentration

Table 4.1. Human lung cell ambient outdoor PM2.5 estimated exposure scenarios,
assuming the volume of the epithelial lining is 20mL and a person exercises at 30L/min of
ventilation for 1 hr.
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5.0. FIGURES

Figure 5.1. “Cows and cars”. Nitric oxide and VOCs are emitted predominantly via
human-controlled sources, such as vehicle tailpipe emissions, and converted to gasphase HNO3. Ammonia gas, also primarily produced from human-controlled animal
agriculture activities, can combine with HNO3 in the air to produce NH4NO3 from a
reversible acid-base reaction that is exacerbated at low winter temperatures and builds
up during inversion events. Ammonium nitrate comprises about 40% of the mass of
CVPM, and itself is toxicologically inert but instead acts as a nuclease onto which toxic
compounds attach.
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Figure 5.2. UPR and inflammatory response crosstalk. CVPM potentially leads to
UPR activation via crosstalk between ER stress and the inflammatory pathways
(dashed arrows), which subsequently leads to both genetic expression and
physiologic cellular alterations. Gene expression changes include modulation of the
UPR transducer proteins, such as PERK, IRE1, and ATF-6, while physiologic
alterations involve mitochondria dysregulation, Ca2+ imbalances, cytotoxicity, and
apoptosis.
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Figure 5.3. CVPM cytotoxicity assay results. DEP is substantially more
cytotoxic than CVPM to human lung (BEAS-2B) cells (24 hr exposure; N=5) at
≥50μg/mL exposure concentrations using the CCK-8 assay. * = significant from
the negative control and + = significant from particle type of equivalent
concentration (p≤0.05 +/- 1 SD). Extrapolated simple linear regression resulted
in EC50 values of 441μg/mL and 259μg/mL for CVPM and DEP, respectively.
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Figure 5.4. Apoptosis events at various stages (%; early apoptosis, late apoptosis,
and necrosis) induced by CVPM and DEP following 24 hr exposures (N=3 per
condition), where untreated samples were used as the negative control and 0.01%
H202 was used as the positive control (not shown). Bars with the same letter are not
significantly different (p≤0.05 +/- 1 SD) and solid-colored bars indicate that the
conditions are significant from the negative control. There appeared to be a
concentration-related increase in necrotic cells corresponding to an increase in
CVPM concentration and treatment with ≥12µg/mL CVPM was significant from
both the negative control and equivalently tested concentrations of DEP. Exposure to
12µg/mL CVPM also caused a significant increase in cells in late-stage apoptosis
compared to the negative control but there was no significant difference between
CVPM and DEP at equivalent concentrations. At all tested concentrations, CVPM
treatment did not cause a significant increase in early apoptosis events compared to
the negative control and 12µg/mL DEP exposure resulted in a significant increase in
cells in early apoptosis compared to 12µg/mL CVPM.
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Figure 5.5. PM-induced oxidative stress as cellular ROS and SO following 24 hr
exposure (% change from negative control; N=5 per condition), where pyocyanin
(250µM) was used as the ROS positive control (not shown). Bars with the same
letter are not significantly different and * with solid-colored bars indicate
significant from the negative control (p≤0.05 +/- 1SD). There appeared to be a
concentration-related increase in ROS production for CVPM and DEP, with
50µg/mL CVPM and 12µg/mL DEP being significantly increased compared to the
negative control. Although not statistically significant, there also appeared to be a
concentration-related increase in SO production for CVPM, but not DEP, and
1µg/mL DEP caused a significant increase in SO production compared to the
negative control. While DEP exposure caused significant increases in both ROS
and SO, in this assay there was no significant difference in ROS and SO production
for equivalently tested CVPM and DEP concentrations.
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Figure 5.6. PM-induced cytosolic and mitochondrial Ca2+ flux following
24 hr exposure (% change from negative control; N=5 per condition).
Bars with the same letter in each test group (i.e., cytosolic or
mitochondria Ca2+) are not significantly different and * with solidcolored bars indicate significant from the negative control (p=0.05 +/- 1
SD). There was a concentration-related increase in both cytosolic and
mitochondrial Ca2+ concentrations in CVPM treated cells compared to the
negative control. In both experiments, 12µg/mL DEP caused a significant
increase in Ca2+ concentrations compared to 12µg/mL CVPM, suggesting
DEP exposure overall more readily causes alterations in cellular Ca2+
homeostasis compared to CVPM.
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DEP

Figure 5.7. CVPM causes mitochondrial membrane potential (Δψm)
depolarization at all tested concentrations (% change from negative
control; N=5 per condition). CCCP (50µM), a chemical inhibitor of
oxidative phosphorylation, was used as the positive control (not shown).
Bars with the same letter are not significantly different and * =
significant from the negative control (p≤0.05 +/- 1SD). There was a
significant concentration-related decrease in Δψm for all CVPM treated
conditions. Treatment with 12µg/mL DEP caused a significant drop in
Δψm compared to 12µg/mL CVPM, but there was no significant
difference in Δψm between 1µg/mL DEP and 1µg/mL CVPM.
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Figure 5.8. Heatmap of log counts per million (logCPM) values for the top 100
differentially expressed genes (DEGs) following CVPM and DEP treatment.
Expression across each gene (i.e., row) have been scaled so that X expression = 0,
S.D. = 1 (up expression in red, down expression blue). Lighter shades represent genes
with intermediate expression levels. Samples and genes have been ordered by the
method of hierarchical clustering and dendrogram at top represents sample clustering.
Overall, individual samples clustered closest to their corresponding sample group,
suggesting good replication was achieved. 12µg/mL CVPM clustered closest to
12µg/mL DEP and 1µg/mL CVPM clustered closest to 1µg/mL DEP. 12µg/mL DEP
was least similar to the negative control, with more significantly upregulated and
downregulated genes (i.e., darker opposite shades of blue and red).
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Figure 5.9. Distribution and direction of change of differentially
expressed genes (DEGs) in BEAS-2B cells following CVPM and
DEP exposure. For each comparison between particle types of the
same concentration, the number of shared or unique DEGs are
indicated (FDR = 0.05). Circle area is proportional to the number
of DEGs.
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Figure 5.10. EGSEA summary heatmap of the top 50 significantly affected pathways
(FDR = 0.05) following 24 hr CVPM and DEP exposure. The orange shades indicate the
majority of the genes in the pathway are upregulated (i.e., have a positive average log
fold change direction) and the blue shades indicate the majority of the genes in the
pathway are downregulated (i.e., have a negative average log fold change direction). The
majority of the known genes in the hallmark UPR pathway from MSigDB were
significantly upregulated for 12µg/mL CVPM but downregulated for 1µg/mL CVPM.
DEP exposure caused a more significant upregulation in the UPR pathway compared to
CVPM at equivalently tested concentrations (FDR=0.05; p=0.007 for 12µg/mL CVPM,
p=0.0001 for 12µg/mL DEP). Other affected biological pathways of interest related to
the UPR include apoptosis, ROS, and the inflammatory response.
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Figure 5.11. Expression of UPR pathway genes of interest in BEAS-2B cells after 24 hr treatment with
CVPM and DEP as log fold change (logFC) direction results (* = significant from the negative control;
FDR=0.05). CVPM exposure caused an overall downregulation of the three primary UPR transducer genes:
activating transcription factor 6 (ATF-6), inositol-requiring enzyme 1 (IRE1), and pancreatic PRK-like ER
kinase (PERK). At 1µg/mL, CVPM exposure caused a more significant downregulation for only ATF-6,
while DEP exposure elicited a more significant downregulation for IRE1, and both particle types incited a
similar response for PERK. At 12µg/mL, CVPM exposure caused a more significant downregulation for only
PERK, while DEP exposure caused a more significant downregulation for both ATF-6 and IRE1. CVPM
treatment at all tested concentrations caused an upregulation of the ER chaperone calreticulin (CALR), while
only 12µg/mL CVPM caused an upregulation of the ER chaperone glucose-regulated protein 94 (HSP90B1/
GRP94), downstream effectors of ATF-6 activation. At equivalently tested concentrations, DEP exposure
caused more upregulation of both HSP90B1 and CALR, however, only 12µg/mL DEP for CALR was
significant. Although not significant, a major downstream effector of the UPR transducer protein IRE1, x-box
binding protein 1 (XBP1), was upregulated across all tested CVPM concentrations. At 1µg/mL, DEP
exposure caused a downregulation of XBP1 compared to CVPM and 12µg/mL CVPM and DEP exposure
induced similar logFC changes in XBP1 expression. CVPM exposure also caused a significant
downregulation of eukaryotic initiation factor-2α (eIF2α) and significant upregulation of activating
transcription factor 4 (ATF-4), important downstream targets of PERK activation. Exposure to 1µg/mL
CVPM elicited a more significant change in eIF2α and ATF-4 compared to 1µg/mL DEP. However, 12µg/mL
DEP caused a more significant response in both eIF2α and ATF-4 compared to 12µg/mL CVPM.
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Figure 5.12. Expression of apoptosis pathway genes of interest in BEAS-2B cells after 24 hr treatment with
CVPM and DEP as log fold change (logFC) direction results (* = significant from the negative control;
FDR=0.05). CVPM treatment elicited an upregulation in BCL2 associated X apoptosis regulator (BAX), a proapoptotic member of the BL2-family that facilitates apoptotic signaling events, C/EBP homologous protein
(CHOP), an important component of UPR-related apoptosis via the PERK-ATF4-CHOP pathway, heat shock
protein B1 (HSPB1/HSP27), growth arrest and DNA damage inducible beta (GADD45B), a CHOP-induced
blocking agent of protein synthesis, and the pro-inflammatory cytokine interleukin-18 (IL18). At 1µg/mL
treatment, CVPM caused a more significant upregulation in CHOP (p=0.005 for CVPM, p=0.02 for DEP), and
DEP caused more significant upregulation in HSPB1 (p=0.01 for CVPM, p=0.005 for DEP), while GADD45B
and IL-18 had similar expression levels (p=0.05 for CVPM, p=0.05 for DEP). At 12µg/mL, CVPM caused a
more significant upregulation in BAX only (p=0.02 for CVPM, p=0.18 for DEP) and DEP caused more
significant upregulation in CHOP (p=0.001 for CVPM, p=0.0005 for DEP), GADD45B (p=0.04 for CVPM,
p=0.003 for DEP), HSPB1 (p=0.01 for CVPM, p=0.0005 for DEP), and IL-18 (p=0.02 for CVPM, p=0.002 for
DEP). Superoxide dismutase 1 (SOD1) and superoxide dismutase 2 (SOD2) are primarily anti-apoptotic genes
that function as ROS scavengers in the cytosol and mitochondria, respectively. Although CVPM treatment
caused SOD1 upregulation, SOD2 was downregulated, which could contribute to mitochondrial stress leading
to cytochrome c release and apoptosis. CVPM treatment at all tested concentrations also caused a
downregulation of X-linked inhibitor of apoptosis (XIAP), an important intrinsic inhibitor of apoptosis, thus
inducing apoptosis. At 1µg/mL, CVPM caused a more significant upregulation and downregulation in SOD1
(p=0.01 for CVPM, p=0.02 for DEP) and XIAP (p=0.003 for CVPM, p=0.005 for DEP) compared to DEP,
while SOD2 had similar expression levels (p=0.02 for CVPM, p=0.02 for DEP). At 12µg/mL, DEP caused
more significant upregulation in SOD1 (p=0.01 for CVPM, p=0.004 for DEP), and downregulation in SOD2
(p=0.06 for CVPM, p=0.02 for DEP) and XIAP (p=0.009 for CVPM, p=0.005 for DEP) compared to CVPM.
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Figure 5.13. Expression of ROS pathway genes of interest in BEAS-2B cells after 24 hr treatment with CVPM
and DEP as log fold change (logFC) direction results (* = significant from the negative control; FDR=0.05).
Across all CVPM-treated conditions, glutamate-cysteine ligase regulatory subunit (GCLM), a protein-encoding
gene involved in synthesis of glutathione which functions as a main antioxidant against ROS, glutathione
reductase (GSR), which encodes an enzyme that is responsible for maintaining the supply of reduced (i.e.,
active form) of glutathione, and superoxide dismutase 2 (SOD2), a scavenger of ROS byproducts of oxidative
phosphorylation, were downregulated thus indicating that the cell is likely more susceptible to the effects
oxidative stress, including activation of the UPR and the inflammatory response. At 1µg/mL, CVPM caused a
more significant downregulation of GLCM compared to DEP (p=0.001 for CVPM, p=0.002 for DEP), while
GSR (p=0.03 for CVPM, p=0.03 for DEP) and SOD2 (p=0.02 for CVPM, p=0.02 for DEP) had similar
expressions. At 12µg/mL, DEP caused a more significant downregulation of GCLM (p=0.004 for CVPM,
p=0.0001 for DEP), GSR (p=0.07 for CVPM, p=0.02 for DEP), and SOD2 (p=0.06 for CVPM, p=0.02 for
DEP) compared to CVPM. In addition, CVPM exposure caused an upregulation of glutathione peroxidase 4
(GPX4), peroxiredoxin-2 (PRDX2), peroxiredoxin-6 (PRDX6), superoxide dismutase 1 (SOD1), and
thioredoxin reductase 2 (TXNRD2), which function by reducing or eliminating ROS to protect the cell from
oxidative stress, indicating the cell is responding to oxidative insult. At 1µg/mL, CVPM exposure caused a
more significant upregulation of PRDX6 (p=0.009 for CVPM, p=0.01 for DEP) and SOD1 (p=0.01 for CVPM,
p=0.02 for DEP), while DEP caused a more significant upregulation of GPX4 (p=0.02 for CVPM, p=0.01 for
DEP) and TXNRD2 (p=0.09 for CVPM, p=0.02 for DEP), with similar expression for PRDX2 (p=0.01 for
CVPM, p=0.01 for DEP). At 12µg/mL, DEP caused a more significant upregulation of GPX4 (p=0.03 for
CVPM, p=0.001 for DEP), PRDX2 (p=0.03 for CVPM, p=0.001 for DEP), PRDX6 (p=0.02 for CVPM,
p=0.001 for DEP), SOD1 (p=0.01 for CVPM, p=0.004 for DEP) and TXNRD2 (p=0.02 for CVPM, p=0.007
for DEP).
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Figure 5.14. Expression of inflammatory response pathway genes of interest in BEAS-2B cells after 24 hr
treatment with CVPM and DEP as log fold change (logFC) direction results (* = significant from the
negative control; FDR=0.05). For all tested concentrations of CVPM, interleukin-1α (IL1A), interleukin-1β
(IL1B), interleukin-1 receptor-associated kinase 2 (IRAK2), nuclear factor-kappa B (NFKB1) were
downregulated across all conditions, indicating attenuation of several primary inflammatory response
mediators. At 1µg/mL, CVPM exposure caused a more significant downregulation of NFKB1 (p=0.03 for
CVPM, p=0.15 for DEP), while DEP caused a more significant downregulation of IL1A (p=0.13 for
CVPM, p=0.015 for DEP) and IL1B (p=0.14 for CVPM, p=0.002 for DEP). At 12µg/mL, DEP exposure
caused a more significant downregulation for IL1A (p=0.002 for CVPM, p=0.0003 for DEP), IL1B
(p=0.000003 for CVPM, p=0.0000001 for DEP), IRAK2 (p=0.05 for CVPM, p=0.04 for DEP), and
NFKB1(p=0.02 for CVPM, p=0.007 for DEP). In addition, fractalkine/chemokine (C-X3-C motif) ligand 1
(CX3CL1), interferon-induced transmembrane protein 1 (IFITM1), interleukin-18 (IL18), tumor necrosis
factor superfamily member 10 (TNFSF10), proinflammatory cytokines related to apoptosis, and
proteasomal ubiquitin receptor (ADRM1), which plays a key role in homeostasis by assisting the removal
of misfolded or damaged proteins, were upregulated across all CVPM test conditions suggesting that
CVPM exposure activated members of the inflammatory response pathway related to UPR initiation. At
1µg/mL, DEP caused a more significant upregulation of ADRM1 (p=0.02 for CVPM, p=0.01 for DEP) and
CX3CL1 (p=0.22 for CVPM, p=0.04 for DEP). At 12µg/mL, DEP caused a more significant upregulation
of ADRM1 (p=0.04 for CVPM, p=0.02 for DEP), CX3CL1 (p=0.004 for CVPM, p=0.001 for DEP),
IFITM1 (p=0.04 for CVPM, p=0.002 for DEP), IL18 (p=0.03 for CVPM, p=0.002 for DEP), and TNFSF10
(p=0.11 for CVPM, p=0.04 for DEP) compared to CVPM.
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